We reported earlier that brain activation by 10 s of cortical electroshock caused prolonged elevation of brain lactate without significant change in intracellular pH, brain high-energy phosphorylated metabolites, or blood gases. The metabolic state of the elevated lactate has been investigated in fu rther experiments using com bined, in vivo IH-observed 13C-edited nuclear magnetic resonance spectroscopy (NMRS), homonuclear l-edited IH-NMRS, and high-resolution l H-NMRS of perchloric acid extracts to monitor concentrations and DC-isotopic fr actions of brain and blood lactate and glucose. We now report that electroshock-elevated lactate pool in rabbit brain approaches equilibrium with blood glucose within 1
In an earlier study, we reported that brain acti vation by 10 s of cortical electroshock (Prichard et aI., 1987; Young and Petroff, 1990 ) caused elevation of brain lactate without significant change in intra cellular pH, brain energy stores, or blood gases. Brain lactate returned slowly to normal, with a time course consistent with diffusion into the blood stream. This slow clearance can be explained by either of two general mechanisms: (a) lactate was h. There was nearly complete turnover of the raised lac tate pool in brain; any pool of metabolically inactive lac tate could not have been >5% of the total. In the same experiments, blood lactate underwent <50% turnover in 1 h. The new lH-spectroscopic methods used for these experiments are readily adaptable for the study of human brain and may be useful in characterizing the metabolic state of elevated lactate pools associated with epilepsy, stroke, trauma, tumors, and other pathological condi tions. Key Words: Lactate-Brain-1H and DC magnetic resonance spectroscopy-Cortical electroshock-Rab bit-Glycolysis. trapped in some metabolically inactive compart ment, such as the extracellular space or cells dam aged by the convulsant drug, the electrical current, or the seizure discharge they caused; (b) lactate de clined slowly because the brief increase in the rate of glycolysis relative to the respiratory rate which produced it was not compensated by a subsequent increase in the respiratory rate relative to the glyc olytic rate. The relative contributions of these mechanisms can be assessed by determining the de gree to which the elevated brain lactate pool is in metabolic exchange with blood glucose. Such mea surements became possible in vivo with the devel opment of combined IH and \3C spectroscopic methods for monitoring brain lactate 13C enrich ment (Fitzpatrick et aI., 1990; Novotny et aI., 1990; Rothman et aI., 1985; Rothman et aI., 1991; Roth man et aI., 1990) . Using data obtained by these methods, we now report that electro schock elevated lactate pool in rabbit brain approaches iso-topic equilibrium with blood glucose within 1 h. Within the error of the measurements, there was complete turnover of the elevated lactate pool in brain; it cannot have been sequestered in a meta bolically inactive compartment. In the same exper iments, blood lactate failed to achieve the expected isotopic equilibrium with blood glucose, demon strating the presence of at least two additional lac tate compartments outside the brain, one turning over much more rapidly than the other. Portions of this work have been presented in abstract form Petroff et al., 1989b) and data from one of these was reproduced in a review arti cle (Prichard, 1991) .
METHODS
New Zealand white female rabbits (1.5-2.2 kg) fed ad libitum were given 7.5 mg morphine sulfate subcutane ously and prepared under isoflurane anesthesia as previ ously reported (Avison et ai., 1991; Novotny et ai., 1990; Petroff et ai., 1990; Petroff et ai., 1988b) . The scalp and temporalis muscles were reflected, but the skull was left intact. Animals were maintained under N20/02 (50%/ 50%), tubocurarine (3 mg every 3 h), and pancuronium (2 mg every 3 h) with the ventilator adjusted to ensure eu capnea. Cerebral lactate was raised by a single lO-s train of 1 ms, 150 volt, 100 Hz square wave pulses delivered via a pair of bi-parietal epidural silver electrodes (Prichard et al., 1987) . Arterial pressure, P02, Pco2, pH, glucose, lac tate, ECG, and EEG were observed by conventional methods (Novotny et ai., 1990; Petroff et ai., 1990; Petroff et ai., 1988b; Petroff et ai., 1985) . Serial l H spec tra were collected on a Bruker/ORS Biospec 4.7/300 spec trometer using a 20-mm diameter single turn surface coil double-tuned to IH (200 MHz) and J3C (50 MHz) fr equen cies. The coil was centered in the midline 8 mm posterior to the bregma. The head of the rabbit was centered in the homogeneous portion of the magnetic field using orthog onal one-dimensional imaging sequences. Pulse power was adjusted to maximize signal fr om brain and suppress signal fr om surface structures (e.g., marrow) using a one dimensional imaging sequence orthogonal to the plane of the surface coii. Bo inhomogeneity was minimized by shimming on the tissue water signal to a linewidth of 24-34 Hz. Free induction decays were acquired with 4,096 datum points and a sweep width of 5,000 Hz. Spectra were processed with exponential multiplication before Fourier transformation. All in vivo proton chemical shift values were referenced to the methyl proton resonance of N-acetylaspartate at 2.02 ppm.
In vivo IH spectra were acquired with either a IH homonuclear or IH_J3C heteronuclear editing pulse se quence (Fig. 1) . The homonuclear pulse sequence (A) was analogous to those described previously (Han stock et ai., 1988; Hetherington et ai., 1985; Novotny et ai., 1990; Rothman et al., 1984) All spectra were ob tained from the same rabbit shortly after infusion of 1-C3Clglu cose followed by cardioplegia produced a large labeled lactate signal. The total lactate concentration, determined by subse quent analytical NMR spectroscopy of the perchloric acid extract of the brain, was 31 ILmol g-1, 3-13C-lactate was 4.7 ILmol g -1. The three spectra on the left illustrate the homo nuclear editing process. The middle spectrum was made us ing a 1-1/2-2 spin-echo sequence with the excitation maxi mum at 1.33 ppm and a minimum at 4.7 ppm for water sup pression. The bottom spectrum was obtained by irradiating the 1 H methine resonance of lactate at 4.11 ppm with a DANTE inversion pulse sequence 68 ms before the 2-2 refo cusing pulse, thereby partially inverting the signal at 1.33 ppm from the methyl protons of lactate, which are J-coupled to the methine proton. The difference between the two spec tra is shown at the top. The center signal-from 3-[12C]lactate methyl protons (thin solid line)-is flanked by the 3-[13Cllac tate methyl proton signals, which are shifted 68 Hz up-or down-field by heteronuclear spin-spin coupling (thick solid lines). Other signals are nearly eliminated by the subtraction (dotted line). The three 1H-spectra, obtained at 200 MHz, on the right illustrate the heteronuclear editing process. The middle one was made using a 1-1/2-2 spin-echo sequence with its excitation maximum at 1.33 ppm and a minimum at 4.7 ppm and a 13C-decoupling pulse sequence (WALTZ-16) applied dur ing signal acquisition to collapse the twin signals from 3-[13C]lactate methyl protons into the center, 3-[12Cllactate sig nal (compare the right and left spectra in the middle row). The bottom right spectrum was obtained by applying a 13C adia batic inversion pulse at 50 MHz 4 ms before signal acquisition, thereby fully inverting the methyl protons J-coupled to the C3 of lactate. The difference between the two spectra (top right) con tains only signal from the protons bonded to 13C at the methyl position of lactate. The subtraction is better (dotted line) than in the homonuclear editing sequence, because of the ab sence of artifacts produced by the DANTE sequence at 4.11 ppm. The signal-to-noise ratio of the 3-[13Cllactate methyl proton resonance (thick line) is higher due to the better inver sion produced by the heteronuclear adiabatic pulse and the collapse of both 3-[13Cllactate methyl proton resonances into a signal by heteronuclear decoupling during the acquisition.
The El and 2El pulses were 1-1 and 2-2 semiselective, binomial pulses with the carrier placed at the resonant fr equency of the water signal at 4.7 ppm; they provided maximum excitation at 1.33 ppm, the resonant fr equency of the methyl protons of lactate. The El pulse was 30 fLS and its power was adjusted such that the 180° region was at the surface, thereby minimizing the lipid signal arising fr om the marrow of the skull. A 2-2 refocusing pulse was used to minimize the excitation of the me thine protons of lactate at 4.11 ppm. The DANTE (Freeman et aI., 1981) sequence was a 20-pulse train with a pulse duration of 1.9
fLS and interpulse delay of 0.5 ms. The DANTE and 2El pulses were cycled through fo ur phases as a single com posite pulse Hether ington et aI., 1986) . The carrier was shifted during the sequence so that the maximum excitation of the El and 2El pulses was at 1.33 ppm, while the DANTE sequence was alternated between 4.11 ppm and -1.45 ppm (symmetric about 1.33 ppm for optimum subtraction in this region). The delay t j was chosen such that t j + 0. 5 DANTE du ration was equal to 68 ms, which corresponds to 1/2 J HH for the AX 3 spin system of lactate, where JHH = 7.4 Hz. The delay t 1 was either 22 or 50 ms, resulting in a total echo time of 200 or 256 ms. The repetition time was 2.0 s.
A second pulse sequence (B) was used for selective editing of the protons coupled to 13C nuclei through het eronuclear J modulation (Bendall and Gordon, 1983; Ben dall et aI., 1981; Novotny et aI., 1990; Rothman et aI., 1985) . The pulse sequence was:
The El and 2El pulses were 1-1 and 2-2 semiselective, binomial pulses with the carrier at 1.33 ppm in the lH spectrum. A 256-point, phase-swept hyperbolic secant pulse of 5 ms duration was centered at the methyl carbon of lactate at 21 ppm in the 13C spectrum and provided 100% inversion of the carbon signals over a 3 kHz band width (Silver et aI., 1984) . The delay t j was chosen such that the time fr om the center of the hyperbolic secant pulse to the beginning of the acquisition was an odd mul tiple of lI2JcH, where JCH = 125.7 Hz. This inverted the spin state of the protons coupled to the lactate methyl carbon. Carbon decoupling was performed during the ac quisition using composite pulse decoupling with a WALTZ-16 sequence (Levitt et aI., 1983; Shaka et aI., 1983) . The delay t e was adjusted to 100 or 136 ms so that the total time was the same as that in the homonuclear editing sequence. The repetition time was 2. 2 s and a full 16-phase cycling scheme was used.
Brain lactate concentration and 3-13C-isotopic fr action (3-13C-IF) were measured using homonuclear edited lH spectra, calibrated to the concentrations of 3 Blood values were measured directly by enzymatic as say and by high-resolution lH-spectroscopy of perchloric acid extracts. Sera (1-2 ml) were extracted with 3 ml cold 15% (1.5 M) perchloric acid and centrifuged for 10 min at 3,000g (29,419 N) at -4°C. The supernatants were brought to neutral pH with a solution (1-1.5 m!) contain ing 100 mM K2HP04, 500 mM KCI, and 9 M KOH. After centrifugation for 10 min at 3,000g, the neutral superna tants were passed through a Chelex membrane (Bio-Rad) and lyophilized. Intact brain tissues (0.97 ± 0.26 g wet weight) were homogenized in 6 ml cold 15% perchloric acid and then extracted in an analogous fa shion. The dried powders were dissolved in neutral 100 mM deuter ated phosphate in D20. The neutral solutions were ana lyzed on a Bruker AM 500 spectrometer at 500 MHz at 30°C using 30° pulse width (5 fLS), repetition time (TR) 6 s, 6,024 Hz sweep width, 32K digital resolution, 160 fr ee induction decays (FIDs), and low power presaturation. Metabolite concentrations werre measured by comparing the intensity of the identified resonances to that of a known amount of 3-trimethylsilylpropionate (TSP) (Be har et aI., 1983; Behar and Ogino, 1991; Petroff et aI., 1986; Petroff et aI., 1988a; Petroff et aI., 1989a) .
Results are given as mean ± SD unless indicated oth erwise. Statistical significance is expressed by use of 95% confidence intervals (95%CI) and two-tailed probability distribution tables (Bland and Altman, 1986; Gardner and Altman, 1989; Snedecor and Cochran, 1980) .
RESULTS
In the first type of experiment, 1-[ J 3 C]glucose was infused for 45 min at a rate empirically deter mined to maintain the I-J 3 C-isotopic fraction (l_ J 3 C IF) of blood glucose at 0.65--0.70 prior to a lO-s cortical electroshock. After electroshock, brain lac tate remained elevated (3.5-4.5 /-Lmol g -1) for the remainder of experiment (Fig. 2) . The 3-J 3 C-IF of brain lactate measured before electroshock was 0.28, close to the value of 0.35 predicted from blood glucose I-J 3 C-IF of 0.70. (The methyl carbon of lac tate is derived from both Cl and C6 of glucose.) It did not change when lactate was increased by elec troshock, showing that the additional lactate was made from carbohydrate stores already in isotopic equilibrium with blood glucose. The further course of the experiment revealed a decrease in 3-J 3 C_ IF of brain lactate as the I-J 3 C-IF of blood glucose was lowered by switching the infusion from labeled to unlabeled glucose. Unlabeled glucose was infused for 60 min, beginning 10 min after the electroshock. The 3-l 3 C_ IF of brain lactate followed the decline in the l 3 C-IF of blood glucose with a time lag (Fig. 2) . The 3-l 3 C-IF of brain lactate (0.17) approached the value of 0.15 expected from the final 1-l 3 C-IF of blood glucose (0.29). The 3-l 3 C-IF of blood lactate . The bot tom graph shows the 13C isotope fraction (1-13C_IF, 3_13C_IF) of the same metabolites. A computer-controlled infusion of 1-[13Clglucose rapidly increased the concentration and 1-13C_IF of blood glucose. The time course of both (dotted lines connecting the first two glucose datum points in both graphs) was determined in a separate series of experiments used to calibrate the infusion schedule. Following cortical electroshock, both brain and blood lactate concentrations increased sharply and then rose more slowly for the remain der of the experiment. When the 1_13C_IF of blood glucose fell following the change of infusates, the 3-13C-IF of brain lactate fell with it, whereas the blood lactate 3_13C_IF was little affected. Following 10-s cortical electroshock blood glucose steadily increased, although the rate of infusion was unchanged from that which had produced a nearly steady level of blood glucose prior to electroshock.
behaved quite differently. It reached a maximum of 0.18 immediately after electroshock (rather than the expected 0. 35) and fell to 0.12 shortly after the start of the unlabeled glucose infusion, where it remained essentially unchanged over the next hour. In four similar experiments in which the 1-l3C-IF of blood glucose was maintained at 0.63 ± 0.07 for 1 h before electroshock, 3-l3C-IF of brain lactate reached 0.27 ± 0.02. The mean difference between the observed and expected 3-BC_ IF of brain lactate was 0.05 (95%CI 0.10 to -0.01) suggesting com plete turnover of brain lactate had occurred during electroshock.
In a second set of four experiments, the turnover of an already elevated brain lactate pool was deter mined using the IH-observed BC-edited technique (Fig. 3) . Brain lactate was elevated by a 10-s corti cal electroshock; it remained elevated (range 3-5 !lmol g -I) throughout the course of the experiment illustrating this second set (Fig. 4 ). An infusion of 1-[l3C]glucose was begun 10 min after cortical elec troshock. A computer-controlled infusion schedule increased the I-l3C-IF of blood glucose to a steady state value of 0.65-0.75 within 3-4 min and main tained it in that range. The 3-13C-IF of brain lactate rose rapidly, approaching the value expected from complete turnover of lactate after 50 min. In con trast, the 3-13C-IF of blood lactate appeared to sta bilize at about 0.20, half the expected value. , and brain lactate (filled circles). The bot tom graph shows the corresponding 13C isotopic fraction (1-13C-IF, 3-13C-IF) of each metabolite. The shaded bar be tween the graphs indicates the duration of the infusion of labeled glucose. The time course of glucose concentration and 1-13C-IF at the start of the infusion (dotted lines connect ing the second and third glucose measurements in both graphs) was determined in a separate series of experiments used to calibrate the infusion schedule. Brain lactate in creased rapidly following electroshock and remained ele vated for the duration of the experiment. The 3-13C-IF of brain lactate increased steadily, approaching the value expected from the 1_13C_IF of blood glucose after 50 min. The dashed line is the nonlinear least squares fit of these data to a first order kinetic model. In contrast to brain lactate, the 3_13C_IF of blood lactate achieved only half the expected value. Blood lactate concentration was also considerably lower than the brain lactate concentration. Figure 5 shows the results of all eight experi ments on turnover of electroshock-elevated brain lactate. The diagonal line represents the 3-J 3 C-IF of brain lactate expected at steady state if it turned over completely after a change in the I-J 3 C-IF of blood glucose. In both sets of experiments, the four rabbits in which the I-J 3 C-IF of blood glucose was lowered (down-going dashed arrows; Fig. 5 ) and the four animals in which it was raised (up-going solid arrows; Figure 5) , the 3-J 3 C-IF of brain lactate ap proached the expected value to the same extent. The mean difference between the observed and ex-J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 pected 3-J 3 C-IF of brain lactate for all eight exper iments was 0.03 (95%CI 0.05 to 0.02). The eight experiments as a whole fell slightly short of achiev ing equilibrium. Glucose metabolized via the hex ose monophosphate pathway, or the observation period was too short to account for this small met abolically inactive pool of brain lactate, which did not exceed 5% of the total.
Blood lactate J 3 C-Iabeling behaved quite differ ently from brain lactate. After I h of labeled glucose infusion prior to electroshock, the 3-J 3 C-IF of blood lactate was 0.13 ± 0.03, with a mean difference be tween the observed and expected value of 0.18 (95%CI 0.27 to 0.09) in four animals. Following electroshock, as the 1-J 3 C-IF of blood glucose de creased from 0.63 ± 0.07 to 0.31 ± 0.05, the 3-BC IF of blood lactate remained unchanged (0.13 ± 0.03 to 0.12 ± 0.02). When 1-BC-IF of blood glu cose was abruptly increased following electroshock in four rabbits, the 3-BC-IF of blood lactate in creased to 0.14 ± 0.04, with a mean difference be tween the observed and expected value of 0.19 (95%CI 0.23 to 0.15). The clear dissociation of the LL. The abscissa indicates the fi nal steady-state 1_13C_IF of blood glucose measured at the end of the experiments and the diagonal dashed line repre sents isotopic equilibrium between brain lactate and blood glucose at that time. In four rabbits the 1-13C-IF of blood glucose was lowered and 3-13C-IF of brain lactate decreased (dashed lines, down-going arrowheads). The mean differ ence between the observed and expected 3_13C_IF of brain lactate was 0.03 (95%CI 0.05 to 0.02). Similarly, when the 1_13C_IF of blood glucose was abruptly increased in a second set of four experiments (solid lines, up-going arrowheads), 3_13C_IF of brain lactate approached the values expected for complete turnover with a mean difference between the mea sured and expected value of 0.03 (95%CI 0.06 to 0.00).
3-\ 3 C-IF of blood and brain lactate under all three conditions proves that the lactate pools were met abolically isolated from each other. The behavior of the isotopic fraction of blood lactate indicates the presence of at least two additional lactate compart ments outside of the brain, one turning over much more rapidly than the other. Experiments measur ing 3-\ 3 C-IF of lactate in mUltiple organs simulta neously would be necessary to identify these com partments.
DISCUSSION
These experiments show that the elevated brain lactate pool created by lO s of cortical electroshock undergoes nearly complete isotopic labeling from blood glucose in 1 h. This would not have happened if the lactate were situated in a compartment with out significant lactate metabolism. Our results are inconsistent with more than 5% of the total brain lactate existing in such a metabolically inactive compartment.
In the first set of experiments, in which the 1-\ 3 C IF of blood glucose had been elevated for 1 h prior to electroshock, the mean difference between the observed and expected 3-1 3 C-IF of brain lactate im mediately after electroshock was 0.05 (95%CI 0.10 to -0.01). Thus, nearly all of the observed lactate must have been made from carbohydrates already in isotopic equilibrium with blood glucose. The close agreement sets a conservative upper limit of 10% on the portion of electroshock-elevated brain lactate that could have come from endogenous un labeled substrates (Howse and Duffy, 1975) . For the same reason, the flow through the hexose monophosphate shunt must also have been small. To the extent that this pathway was active, the Cl label of glucose would have been lost as carbon dioxide, yielding unlabeled lactate.
Brain lactate turnover times were estimated from the second set of experiments in which the 1-\ 3 C-IF of blood glucose was increased abruptly after brain lactate had been elevated by electroshock. A single exponential model was used to estimate the time constant for the turnover of brain lactate. Values of 8, 15, and 16 min were calculated for the three ex periments with an adequate lactate signal during the initial portion of the 1-[\ 3 C]glucose infusion when the 3-1 3 C-IF of brain lactate was increasing most rapidly. The mean brain lactate concentrations dur ing the glucose infusion were 1.9, 3.4, and 3.6 I-Lmol g -I, respectively. Dividing the time constant into the mean size of the lactate pool divided by two yields an estimate of the mean glycolytic rate after electroshock, assuming glucose was metabolized only to lactate. The mean glycolytic rates were 0.12, 0.11, and 0.11 I-Lmol g-I min-I. These rates are half the metabolic rate reported for anesthetized rabbits (Pappenheimer and Setchell, 1973; Pearce et aI., 1981) . Postictal depression following the elec troshock-induced cerebral after-discharges may have depressed glycolysis.
Previous experiments in our laboratory showed no significant alteration in brain intracellular pH, ATP, or phosphocreatine following brain lactate el evation induced by an identical electroshock proto col (Prichard et aI., 1987; Young and Petroff, 1990) .
The current experiments show that the elec troshock-elevated brain lactate pool was in isotopic equilibrium with blood glucose. This metabolically active, elevated brain lactate pool could have been maintained only by elevation of cytosolic NADH or pyruvate or both (Howse and Duffy, 1975; Merrill and Guynn, 1976; Veech, 1991) . Together, the two sets of data eliminate the possibility that sustained hypoxia caused the prolonged lactate elevation.
These experiments demonstrate unequivocally that nearly all of the electroshock-elevated lactate in rabbit brain is metabolically active, not seques tered in metabolically isolated compartments. The new IH-spectroscopic methods used for these ex periments are readily adaptable for the study of hu man brain (Hanstock et aI., 1990; Prichard et aI., 1991; van Rijen et aI., 1989; van der Knaap et aI., 1990; Rothman et aI., 1992) , and they are capable of characterizing the metabolic state of elevated lac tate pools associated with epilepsy, stroke, trauma, tumors, and other pathological conditions (Alger et aI., 1990; Arnold et aI., 1990; Berkelbach van der Sprenkel et aI., 1988; Detre et aI., 1991; Gill et aI., 1990; Matthews et aI., 1990) . The relative size of metabolically active (can be labeled from l-[1 3 C]glu cose in blood) and inactive (cannot be labeled) brain lactate pools may yield both new pathophysiologi cal understanding of these conditions and informa tion useful in the management of individual patients (Prichard, 1991; Rothman et aI., 1991) .
